Transplantation of neural tissue from other species has the potential to improve function in patients with neurodegenerative disorders. We investigated the functional effects of embryonic porcine dopaminergic neu rons transplanted in a rat model of Parkinson's disease and the immune responses to the grafts in immuno suppressed and nonimmunosuppressed hosts. Twenty-three rats with unilateral 6-hydroxydopamine lesions received dissociated, 27-day-old embryonic porcine ventral mesencephalic tissue in the right striatum. Eigh teen rats received cyclosporine (10 mg/kg, IP, daily) during the whole period of 14 weeks, in combination with prednisolone (20 mg/kg, IP, daily) the first 4 days. Five rats served as nonimmunosuppressed controls. All rats were tested for amphetamine-induced rotational behavior at 3-week intervals. Two immunosup pressed rats were excluded due to severe side effects of the treatment. Functional recovery was seen in 9 of 16 immunosuppressed rats at 12 weeks. Six animals remained functionally recovered at 14 weeks and con tained an average of 5750 + 1450 (SEM) dopaminergic neurons. Between 9 and 14 weeks, three immunosup pressed rats rejected their grafts, based on rotation scores and immunohistochemical demonstration of cell infiltrates. One additional immunosuppressed rat showed evidence of ongoing rejection at 14 weeks. The striata in animals with ongoing or recent rejection contained large numbers of CD4-and CD8-positive lymphocytes, NK cells, macrophages, and microglia cells, whereas scar tissue was found in rats with grafts rejected at earlier time points (n = 11). Embryonic porcine ventral mesencephalic tissue matures in the adult rat striatum, reinnervates the host brain, and restores behavioral defects. Immunosuppressive treatment was necessary for long-term graft survival and functional recovery, but did not sufficiently protect from rejection mechanisms. Porcine neural tissue is an interesting alternative to embryonic human tissue for intracerebral transplantation in neurodegenerative diseases. However, to achieve stable graft survival in discordant xeno geneic combinations, an appropriate immunosuppressive treatment or donor tissue modifications are needed.
INTRODUCTION
Embryonic neural tissue transplantation can improve neurological function in patients with Parkinson's dis ease (34, 48) . The immature neuronal cells integrate into the host brain and reform lost synaptic connectivity, as demonstrated in postmortem histological studies (31) .
Survival and dopamine production of the transplants correlating with clinical improvement have been demon strated up to 6 years after the transplantation (53) . In the best cases, transplanted patients have been able to return to active professional lives with drastically reduced anti parkinsonian medication (24) .
However, clinical application of the transplantation technique is limited due to several factors. The use of tissue from induced abortions in humans is disputed for ethical reasons in several countries, and there is a small, but not negligible, risk of human virus transfection.
Moreover, the survival rate of the transplanted dopamin ergic neurons is only around 10% due to neurobiological factors such as ischemic damage and trauma (11) , but the survival rate can be increased to 20-35% with the addition of free radical scavengers (37) or caspase inhib itors (43) . Still, it is necessary to use multiple human embryonic donors to achieve sufficient host brain rein nervation and functional effects.
One alternative approach is to use tissue from another species: xenogeneic donor tissue. Porcine donors are a potentially rich source of fresh embryonic neural tissue, which can be bred under microbiologically defined con ditions. It is also possible to transgenetically alter or oth erwise manipulate the donor tissue in order to increase survival rates and avoid immune reactions (16) . Large efforts are being invested in understanding the complex immunological barriers to pig-to-human transplantation.
This species combination is denoted discordant, as de-fined by the large phylogenetic distance between the species and the presence of preformed antibodies against porcine antigens in human blood. Hyperacute rejection occurs within minutes following circulation of human blood in the vasculature of the organ, due to binding of the preformed antibodies to endothelial cells and incom patibilities between human soluble complement factors and regulatory proteins on the porcine cells (2, 42) .
Xenotransplantation of dissociated neural tissue to the human brain presents two important advantages compared to whole organ xenotransplantation. First, the brain offers an environment that is relatively protected against immune responses, the so-called immune privi lege of the brain (4, 47, 55) . Second, the embryonic neu ral tissue grafts are secondarily vascularized with mainly host-derived microvessels (3) . Discordant xenogeneic cellular grafts (such as insulin-producing islets) do not undergo hyperacute rejection, even when grafted to nonimmunoprivileged sites (32) .
Although a limited number of studies show long-term survival of intracerebral xenogeneic grafts without im munosuppression (5, 46) , a better, but rarely complete, graft survival is generally observed when the host ani mals are treated with immunosuppressive drugs (39, 55) .
Embryonic porcine neural tissue has already been used in clinical transplantation for both Huntington's and Par kinson's disease patients (20) . However, postmortem ex amination of the brain of one patient 7 months after transplantation showed a poor survival of the porcine neurons in spite of chronic cyclosporine (CsA) immuno suppression (18) . This demonstrates that further animal experiments are necessary to investigate the immune mechanisms that may affect the survival of porcine neu rons in discordant xenogeneic settings.
In this study, we investigated the development and maintenance of functional effects exerted by trans planted porcine neurons in hemiparkinsonian rat hosts.
The presence of preformed antibodies against pig anti gens in rats has been demonstrated in earlier studies (52) , defining this model as "discordant." The cellular immune responses to the transplants were studied and compared in nonimmunosuppressed rats and rats contin uously treated with CsA, in combination with predniso lone for the first 4 days. 
MATERIALS AND METHODS

Experimental Design
Donor Tissue
Eight embryos were obtained from a Swedish Lan drace x Yorkshire/Hampshire sow at embryonic day 27 (E27), crown-to-rump length 20 mm. The dissection of the donor tissue was preformed as described previously (13) . In short, the ventral mesencephalon (VM) was dis sected out, cut to four to six small pieces, and incubated in trypsin 0.1% (Worthington, USA) at 37°C for 20 min.
The tissue was then rinsed in 0.05% DNAse (Sigma, Sweden (37) . Tissue viability at the start and the end of the transplantation session was >99%, as determined by dye-exclusion us ing trypan blue.
Transplantation Surgery
Graft recipients were anesthetized with equithesin 
Amphetamine-Induced Rotation
The rats were injected IP with 2. The performance of left-hand turns was used as an additional criterion for graft-induced function (12) .
None of the 23 rats performed more than 10 full lefthand turns in total (over 90 min) prior to transplantation.
An arbitrary level of more than 25 full left-hand turns over 90 min was considered to be a sign of graft-induced behavior.
Histological Processing
The rats were transcardially perfused with saline fol were used for the TH stain and, for the other stains, biotinylated horse anti-mouse immunoglobulins (Vector Laboratories, Burlingame, CA) were used. No cross-re activity or background staining was observed with the secondary antibodies alone. The staining procedure has been described in detail elsewhere (19) . Briefly, the free floating sections were treated with 3% hydrogen perox ide and 10% methanol to quench endogenous peroxidase activity and then incubated in 10% normal serum (Dako patts) to block unspecific staining. The sections were sequentially incubated in the primary antibodies over night; the secondary antibody diluted 1:200 for 1 h; and the Vectastain ABC kit (Vector Laboratories) for 1 h.
Finally, the immunoreactive products were visualized using 3,3'-diaminobenzidine and hydrogen peroxide (DAB kit, Sigma).
Stereological Methods
Cells were counted using a stereological analysis sys tem described previously (43) . A C.A.S.T. Grid software package (Olympus, Denmark) was used, by randomly and systematically placing a counting frame over the area of interest. For the TH stain, the graft was deline ated and cells inside the frame were counted. Total cell numbers in the grafts were then extrapolated using a ste reological algorithm (54) . Graft volumes and fiber ex tension were measured using the stereological equip ment on the TH-stained sections. In each section, the TH-ir fibers of presumed graft origin that were found furthest away from the transplant were identified and the distance to the graft tissue was measured. To evaluate the infiltration of lymphocytes and NK cells, the stria tum was delineated. All immunoreactive cells with lym phocyte morphology in the counting frame were coun ted, and were then presented as average number of cells per counting frame in the whole striatum of each animal (41) .
Densitometric Methods
As an estimation of the accumulation and degree of activation of microglia cells, the density of the CR3-ir was determined using a computer-assisted image analy sis system as described previously (38) . Images were digitized under constant illumination and, for each sec tion, the striatum, excluding the transplant, was manu ally delineated and the optical densities were assessed in both hemispheres. The optical densities of the trans plants were measured separately. Background optical densities were determined for each glass slide in two areas, the corpus callosum and in the ventricle, and sub tracted in order for all sections to be normalized. The mean value for each rat was calculated from measure ments on eight to nine serial sections. The optical densi ties in the transplanted striata and in the transplants were expressed as percentages of the optical densities in the contralateral striata.
Definitions
In the Results section, each rat will be referred to one of the five groups defined below, shown in short in Ta ble 1.
Rats with functional, healthy grafts: Rats in this group fulfilled four criteria: 1) a graft volume within the striatum containing TH-ir neurons, 2) a total of more than 25 full left-hand turns performed during 90 min,
3) a decrease in net rotation score with at least 50% compared to the pretransplantation value, and 4) no infiltration of immune cells or strong immunoreactiv ity for microglia in the striatum or graft. 
Rats with rejecting grafts:
RESULTS
Recipient Health
One rat developed severe whole-body tremor, most likely due to the CsA treatment, at 12 weeks and re ceived reduced immunosuppression (5 mg/kg) for the last 10 days. The tremor subsided on the lower dosage.
One rat had to be sacrificed the day before the last rota tion and was found to have an abscess extending from the burr hole down into the striatum on the transplanted side. These two rats were excluded from behavioral and 
Rats With Functional, Healthy Grafts
Six immunosuppressed rats fell into this category.
The grafts in these animals were large and contained on average 5750 TH-ir cells (ranging from 930 to 11450) ( Fig. 1A, B and Table 2 ). The implanted TH-ir neurons were large, clearly stained, and extended fibers up to 1 mm into the host striatum ( Fig. 2A) . The TH-ir neurons were mostly located in the periphery of the grafts, around a center with fewer cells (Fig. 3A) .
A significant number of left-hand turns was observed for the first time for two rats at 9 weeks and for the other four rats at 12 weeks. Functional compensation (over 50% reduction of net rotation score, compared to pretransplant value) occurred at the same time point as a significant number of left-hand turns was observed for all rats, except for one. This rat had a low net rotation score already at 3 weeks, although a significant number of left-hand turns was not observed until at 12 weeks ( Fig. 3A) . All animals in this group performed a larger number of left-hand turns than right-hand turns at 14 There was minimal staining for CD4, CD8, and NK cells in these rats (Fig. 4A, B and Table 2 ). The density of the CR3 stain, as a marker for microglial infiltration, was similar in the grafts and the surrounding striata, and approximately equivalent to the ungrafted contralateral striatum (Fig. 3A) . The microglia cells in these grafts did not appear to be activated, because they had the same morphological appearance as microglia cells on the ungrafted side. Interestingly, there were very few microglia cells present in the largest graft. The optical density in this graft was 30% of the optical density on the ungrafted side.
Rats With Rejecting Grafts
Two rats fell into this category: one immunosup pressed and one nonimmunosuppressed. Both rats had large grafts with 3980 and 5590 TH-ir cells (Fig. 1A, B and Table 2 ). Functional compensation, defined as 50% reduction in net scores, was first seen at 12 and 9 weeks, respectively, and left-hand turns in both rats at 9 weeks ( Fig. 3B ). These two rats were found to be strongly overcompensated at 14 weeks (net rotation scores -14.3
and -4.6). However, the grafts contained dense cellular infiltration consisting of CD4-and CD8-positive lym phocytes, NK and microglia cells (Fig. 4A, B and Table   2 ). The lymphocytes were scattered throughout the stri ata on the transplanted side, with increasing concentra tions close to the grafts and occasionally around blood vessels (Fig. 3B ). The NK cells were fewer than the CD4-and CD8-positive cells, and had a rounded and slightly larger morphology (Fig. 2B ). Some staining of microglial cells was observed using all three immuno histochemical markers, but the rounded lymphocytes could easily be distinguished from these cells, which were not included in the counts. side the transplant was close to that of the surrounding striatum in the immunosuppressed rat (i.e., 300%). In the nonimmunosuppressed rat it was higher, 550% of the ungrafted side. The cells had short, rather thick pro cesses radiating from dense cell bodies, indicative of mi croglia cells. A limited number of round, large cells was seen in the transplant areas and was interpreted as invad ing host macrophages.
Rats With Rejected Grafts
Three rats fell into this category, all immunosup pressed. No surviving TH-ir neurons were present. All rats were functionally compensated, with a more than 50% reduction of the net rotation score, and performed a high degree of left-hand turns at one or more time points during the study. However, these criteria for func tional effects were no longer present at the last rotational test (Fig. 3C) .
In one rat, a cavity was present in the striatum where the transplant was previously located (Fig. 3C ). This rat was compensated at 9 and 12 weeks, and had a high degree of left-hand turns at these time points. However, at 14 weeks this rat was no longer functionally compen sated and did not perform any left-hand turns. A strong immunological response was observed around the cavity and the surrounding striatum, with the same cellular composition as in the rats described in the previous sec tion. The second rat was also compensated and per formed left-hand turns at 9 weeks for the first time, but no longer at the 12-week test. A scar was present in the striatum of this rat and no particular degree of immune cell infiltration was found. The third rat was functionally compensated and performed a high number of left-hand turns at 12 weeks. However, the number of left-hand turns decreased from 902 to 78 and the net rotation score increased from -10 to +2.6 between 12 and 14 weeks. The striatum in this rat was densely infiltrated with lym phocytes, NK cells, and microglia cells, which had ap pearance of activation, with dense arborations and large cell bodies.
Rats Without Functional Effects
Four immunosuppressed and three nonimmunosup pressed rats did not display graft-induced behavioral ef fects at any time point ( Fig. 3D ). Of these, one immuno suppressed rat contained 10 TH-ir neurons and one nonimmunosuppressed rat 195 TH-ir neurons. No graft volumes or TH-ir neurons were observed in the other animals. Scars were visible in the striata of these rats when stained with the TH and microglia stains (Fig.  3D) . No infiltration of lymphocytes was observed.
Rats Displaying Atypical Rotational Behavior
Three rats were functionally compensated at the last test, using the definition of a decrease in rotation score with >50% compared to the pretransplantation level.
However, they did not perform any left-hand turns and no TH-ir cells or graft volumes were found (Fig. 3E) .
Two of the rats were immunosuppressed and one nonim munosuppressed. These rats did not perform any turning behavior after amphetamine injection, but instead dis played a stereotypic behavior with excessive grooming or inactivity. One of the immunosuppressed rats con tained relatively dense TH-ir fibers, scattered in the stri atum (Fig. 3E ). In the other two rats, there was no resid ual TH immunostaining in the striatum and no other abnormal findings could be identified to explain the atypical response to amphetamine. None of the three rats contained any infiltration of lymphocytes or other hostderived defense cells. Scarring of the striatum was visi ble in TH and microglia stains, and in the case of the rat with TH-ir fibers also with the CD4 stain, in which a marked pallisadation of microglia cells delineated the scar (Fig. 3E ).
DISCUSSION
The results demonstrate that porcine tissue can sur vive and restore function in 6-OHDA-lesioned rats.
However, the immunosuppressive treatment used in this study was clearly insufficient for stable graft survival and resulted in severe side effects. Behavioral and histo logical signs of rejection were present in four immuno suppressed rats, and six immunosuppressed rats never developed functional grafts.
Functional Effects
Functional compensation, as determined from am phetamine-induced net rotation scores, was first seen at To strengthen the discriminative power of the am phetamine-induced rotation test, we analyzed the lefthand turns (contralateral to the 6-OHDA lesion) per formed by the rats. Left-hand turns were first observed at 9 weeks, in 25% of the immunosuppressed rats. At 12 weeks, the number had increased to 56%. We con sider left-hand turning a more sensitive and, in the con text of neural grafting, more specific measurement of graft function than changes in the net rotation score.
Left-hand turning may be regarded to reflect an intrinsic graft-induced behavior, apparent after the transplanted dopaminergic neurons have integrated into the host brain, matured, and started to secrete dopamine. In con trast, a decrease in net rotation score may occur as a consequence of stereotypic behavior associated with a low degree of locomotion, and may erroneously be inter preted as graft-induced effects.
Three rats in this study displayed an amphetamineinduced behavior characterized by stereotypic grooming or immobility with a hunched posture, which is not typi cal for rats with complete unilateral 6-OHDA lesions (1) . As a result, net rotation scores were close to zero.
These rats did not contain any surviving transplants at 14 weeks, although a rich TH-ir fiber network was pres ent in one rat. Earlier neural xenograft studies have like wise reported some rats that do not have surviving grafts but still display a reduction in amphetamine-induced ro tation asymmetry (14, 15, 23) . The reasons for the lack of rotational behavior in the three rats are not clear, but an immunological rejection process may explain the phenomenon (7, 26, 51) .
Graft Survival
The transplants in rats with behavioral effects were generally large and contained high numbers of dopamin ergic neurons. Porcine neurons have in earlier studies been shown to extend axons with a distinct target speci ficity, demonstrating the compatibility of neurobiological features, such as growth factors and axonal guidance cues, across widely different species such as the pig and the rat (28, 29) .
It is remarkable that a discordant xenogeneic trans plant, containing over 5000 dopaminergic neurons, could survive and exert functional effects in a nonimmu nosuppressed rat for 14 weeks. However, the transplant was subjected to an intense inflammatory reaction at the time of perfusion, and we assume that this graft eventu ally would have succumbed to rejection if the study had not been terminated. Long-term survival of discordant xenogeneic grafts without immunosuppression has been observed before (5, 17, 46) and stresses the unique immu-nological properties of the brain, rendering it a specifi cally suitable site for xenogeneic cell transplantation.
Immune Response to the Porcine Grafts
The immunosuppressive treatment used in this study (6, 30) . The blood-brain barrier may be of importance with regard to the passage of cells and CsA. Only activated T cells can pass the bloodbrain barrier endothelium (25) . CsA is actively excluded by the multidrug resistance pore (mdr P-glycoprotein) in the endothelial cells (44) . Well inside the brain, the T cells might be out of reach from CsA, resulting in re duced inhibition within the brain. This is less likely, be cause at a high dose, such as 10 mg/kg, the plasma con centration is extremely high (>1000 ng/ml whole as determined by CycloTrac® RIA, unpublished observa tions). At these concentrations the multidrug resistance pore may be saturated and it cannot be taken for granted that CsA is actively excluded from the brain paren chyma (35) .
A transition from acute to chronic rejection mecha nisms, with features of delayed type of hypersensitivity responses, may be contributing to the low efficacy of the current treatment. These responses are characterized by infiltration of macrophages, microglia, and NK cells, which may act by antibody-dependent cellular cytotox icity (ADCC) and lymphotoxin/cytokine release, and are partially resistant to conventional immunosuppressive treatments (36) . Xenogeneic islets placed under the kid ney capsule are rejected by a delayed hypersensitivitylike rejection mechanism (32) . The most effective drugs in preventing these reactions were leflunomide, in com bination with CsA and mycophenolate mofetile (52) .
These and other drugs, particularly suitable for xenoge neic graft rejection mechanisms, need to be assessed in intracerebral transplantation models.
Microglia cells were found to infdtrate the grafts in high amounts. Even in healthy grafts, large numbers of host-derived microglia cells were observed, although the consequences of this for long-term stability of the grafts are unclear. It is notable that in the largest graft, contain ing over 11,000 TH-ir neurons, there was a very low degree of microglial infiltration, possibly indicating ben eficial effects on graft survival if microglial infiltration was limited. In rejecting and recently rejected grafts, the microglia cells had an activated morphology and the staining intensity was very high. In these cases, the mi croglia cells could be participating in various rejection processes, including ADCC (49) .
In a previous study, we have demonstrated that im munoglobulins are involved in the rejection of pig neu ral xenografts in mice (33) . In this study, we see a strong activation of microglia cells and an infiltration of NK cells, in addition to the CD4-and CD8-positive cells, in rejecting grafts. These findings, together with the fact that CsA treatment does not completely protect from graft rejection in this species combination, strongly sug gest that the mechanisms responsible for rejection of discordant neural xenografts are different from those ob served in concordant xenogeneic or allogeneic models. 
